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A b s t r a c t

‘1’IIC  V a r i a b l e  1  )yllalnic  ‘1’cstbcd  Vchiclc
(VI) ’llV) coJIcc~)t  has been proposed as a tool to
cviduatc  co]lisio]l avoidaucc  systmns  auc] to pcr-
forln driving-redated hutnan factors rcscmch, ‘1’hc
goal of this study is to analytically illvcstigatc
to w h a t  cxtcllt  a Vl)~’V w i t h  adjustab]c  front
and rear anti-roll bar stiffTlcsscs,  progranlTIlablc
daTll~JiIlg rates, and fotlr-wllccl-stCcrillg  can CIIIU-
]atc t]Ic ]atcra] dyIlaInics of a broad range of pas-
SCI Igcr VC} Ii CICS. Using  a sclcctcd colnpact-sized
autolnol.)i]c  as a baseline, our study indicated this
basclil~c  vchic.]c  caIl bc col~trollcd  to emulate the
]atcra] rcq)onsc:  cbaractcristics  (inc]udi]lg  the vc-
lliclc’s  undcrstccr  coefficient and tllc  90% lateral
accclcratioIl  r ise time i]] a J-turl]  InaIlcuvcr)  o f
a fleet of production vchiclcs,  from low to high
]atcral accc]cration  conditiol)s.  Also, the roll gra-
dimlt  of tllc basclillcd vchiclc caTl be altered via
chaT}gcs ]nadc to lhc to r s iona l  stiflTlcsscs  of tlIc
frolli  slid/or  rear anti-roll bars to emulate the
roll stiflllcsscs  of a fleet of productio]l  vclliclcs.

lntrocllldiou

‘Jk)  s t u d y  t h e  corrclatioIl  bctwccII  vclliclc  rc-
s])oI~sc c]laractcristics aTld driver  coTnlIlaTlds  rc]-
a,tivc to crasl  I avoid  a]lcc, tlIc  NatioTlal }Iighway
‘J’ramc  Sa,fcty  Adl~~iTlistratioI1’s  ()~cc o f  (hash
AvoidaTlcc  llcscarcll  (OCAlt) has at its disposal
a Colllprcllcllsivc!  set of tools and facilities. ‘1’licsc
———. .—— —... . . .

* ‘1’0 whom  all  CO1l  Cspolldmlcc  should  Lc Scrlt

illcludc  tllc  Vcllic]c ltcscarcl] and  ‘1’cst ~clltcr,
and  tlIc (currcIltly  bciTlg dcvclopcd)  National Ad-
vanced  ]hivi Ilg $iiTnulaLor. ‘1’o augmcmt  t h e s e
tools aIId facilities, O(:AR has dcfiTlcd  its coIIccpt
of a Variab]c ])ynal]lic ‘Iksibcd  Vclliclc  (VI) ’1 ’V).l
‘J’his  vc]lic]c will bc ca])ab]c  of c~]]ulatil]g  ii broad
l’tl Tl~;C o f  autol[lobile  dyIiamic  cllaractcristics,  al-
lowiIlp; it to I)c used in devcloplncnlt  of collision
avoid aTlcc systmns, aTlcl  conducting  o f  driving-
rc.laicd  ]IUIIIaJI  factors rcsea.rc]l,  alnollp;  othcI a])-
])licatioTls.

Vclliclcs  wit]] “lJlogltLIIJTIlablc”  rcspollsc  char-
acteristics }~a.vc bccII prcq)oscd  and dcvclopcd  i n
tllc past. IJI tlIc 1970’s,  all cxpcriTncIltal  vchiclc,
called Variable l{cspoIIsc  Vclliclc,  was dcvclopcd
by L}IC GcIlcral  M o t o r s  ~orporatioll  for vchiclc
]Ialld]illg;  rcscarc]l. 2  I t  IIad iIldcpcI]dc~lt  clcctro-
IIydrau]ic  colltrollcci  front  a~ld rear stccrillg  actu-
:ltOrS and a fl’OJlt  StCCI’i  Il~ fCC] SySt CIll . ‘1’]ICSC  aC-
tivc systcII~s  cllablccl it to clnulat,c  a variety of di-
rectional  colitrol  cllaractcristics. III the 1 !990’s, a
silni]ar  rcscarcll  vchic]c,  callccl  Sil Ilulator  Vclliclc,
was dcvclopcd  by tllc  NissaIl  M o t o r  ~oI  npany.3
1 loth  yaw rate a]ld lateral accclcratioll  rcsl)oIlsc
c}laractcristics of this vchic]c  were varied illdcpcll-
dclltly.  It wm used to stucly the relation bctwcc]l
driver’s pcrcc}JtioTl  aIld vcliiclc  IIarlcllillg  quality.

‘1’0 cTnulatc  both the lateral aJId loTlgitudinal
rcspo IIsc  characteristics of a broad  raTlgc of vclli-
CICS,  t h e  “I[~cc.}laTlical’)  stccrillg,  sus~mlsioll,  aIld
braking  sul)-systcllls  of a ‘(passive” vc])iclc Inust



al] bc lnadc “~~rogral~llr)a  blc”. With regard to cln-
ulaiillg  tlIc  lateral rcspol)sc  characteristics of vc-
hic]cs,  all mrlicr study4  indicated that the VI)’J’V
Illust  nave tlIc  following acf.ivc sub-systclns:  (1)
stcc!ri  Jig: steer-by-wim, ]Jlc)grallllllaljlc  stccri  Ilg
fml  as well as follr-wl]ccl-stcclillg,  a]lcl (2) susl)clI-
sioll: sclni-active sus])c]lsioll  as well as variable
front  al)d mar anti-roll bar systcll)s.  other active
subsystcnns  collsidcrcd  i]) ILcfcrcr]cc 4  (SUCII  a s
the Lrakc-by-wire and thrott]c-by-wire systmns)
were IIOt iI~cludcd  iIl this study.

ltquippcd  with the above ]nclltiollcd  act ively
co~ltrollcd  SyStRI12S, the lateral r_cspoIIsc charac-
teristics of tllc VI)’J’V caIl bc convcnicnt]y  altered
via tlIc  govcmliIlg  c o n t r o l  algoritllIns.  ]Iowcvcr,
it was not clear what range of productio]l  vchi -
CICS could bc anulatcd  by such a va.riablc dy -
~lalnic vehicle. One objcctivc  o f  the dyrlamics
analysis  was to gain a qua~)titativc  ullclcrstalld  -
ing 011 tllc ‘(mnulability  ’) of SUCII  a variable  dy-
namic vclliclc.  ‘1’hc sccol]d  objcciivc  was to gcn -
cratc qua]ltita,tivc  inforlnation  for the fullctiona]

14 that accoln~mllicd  t hercquirc]ncmts  doculncnt
VIJ’J’V ltcqucst  for l’reposal.

SCO})C  ancl Approach of ])ynamics  Analysis

‘J’}Ic  SCOI)C  ar]d approach taken ill the dyIlaInics
analysis arc as follows:

1.

2.

3.

4.

A  vchiclc dyllalnics  silnulatioIl  ])rograIn,
called Vcllic.lc  l)yllamic Analysis, Nolllincar
(VI) ANI,) was sc]cctccl  as tlIc siIllulatioIl  tool
to  pcrfor~n  all the vchic]c  c]ynalnic  colnputa-
tiolis.

‘J’lIc  VI )ANI, ~)rograln  has paral]lct,cr  files for
about twc]lty passenger vchic]c  Inodcls.  OIIly
five Inodcls  were sclcctcd to rcprcsmlt a broad
rallgc of production passcmgcr  velliclcs.

‘.l’lIrcc  ]Jcrfor)nallcc  n)ctrics  were selected to
cllaractcrim both t}lc  stlcacly-state and  trail  -
sicllt  ]atcra] IcxpoIIscs  o f  t}lcsc  productioIl
vc}liclc ]nodc]s  ill ‘[rc~)lc:scIltativc”  corIlcriIlg;
IIlallf.mvcrs.

OIIC of the five Inodcls  studied was sclcctcd  as
tllc basclillc V1)’J’V. IIowcvcr, to account f o r

rd .

6.

7.

tlIc added wcigl]ts  of tllc data acquisitioIl  sYs-
tcIIl,  folll-wllecl-stc:[:rillg  systmll, etc., several
vclliclc  al]d tire paranlctcrs  of tlic sclcctcd vc-
}]iclc IIIodcl were IIlodificd  accordingly.

‘1’wo sensitivity allalyscs  were ]naclc to assess
to w h a t  dcgrcc vchiclc  pcrforInarlcc  Inctrics
sclcxtcd  i]] ste]) (3) arc infiucnlccd  by tllc fol-
]owillg vclliclc  paralnctcrs:  ( a )  tllc torsiol)al
stifll]csscss  of the froIlt  and rear a~lti-ro]l bars,
and (b) tllc dalnpillg  rates of the suspension
shock absorbers.

A  silnulatiol]  s t u d y  w a s  ]nadc  to a,sscss to
what cxtcIlt the ullderstccr  coefficient ant]
speed of lateral rcspoIlsc  of tlie five l)rocluc-
tioIl vehicles sclcctcd ill step (2) can tm clnu-
latcxl by a follr-wllccl-stecrc[l  VI )’I’V,

‘J’lIc ~ollsulrlcrs  UIlioIl  o b s t a c l e  avoidal]cc
course (to Lc described latter) was used  to
objmtivcly  cwaluatc  the ha]ldling  qualities of
Imssc]lgcr  vcl]iclcs  during cIncrgmIcy  d o u b l e
lallc  Chang;c Inalicuvcrs.  ‘J’lIc pcrforIna.ncc  o f
t h e  basc]inc  VI)’I’V ill ]nakillg d o u b l e  lallc
Cllallgc Irlallcuvcrs  usi Ilg diflk:rcIlt  colnbina, -
tiorls  of tires iLIId four WIICCI  stccrillg  col]trol
algorit}lll] were colrlparcd.

l{csu]ts  obtaillcd  froIIl  these SCVCII steps arc givcIl
ill tllc followi]]g sub sect,  iorls.

Vcllicle  l)ynamics  S imula t ion  l’rogram

A  vchic]c  dyllalnics  silllulatio]l  ~)rograln,  dc-
vclo})cd b y  Systc]ns  ‘I’ccl II Iolog;y,  l]lcorporated,
called Wariab]c l)yIlaIIlics  A]lalysis,  No]l-l,irlcar”
(VI) ANI,) was used in this research. ‘J’}lis pro
grail]  was orig;i]lally dcvclo])cd  to study tllc  ])cr-
forl]]allcc  of vc}liclc/driver systclns  ill a variety
of drivi]lg  scmlarios  slid  condit,ior]s,  and to s tudy
vchic]c  lateral control and stability.5

A signal  flow diagralll of the ~)rograln \~l)ANl,
i s  dcpictcd  ill l~igurc 1  (frol[l l{cfcrmlcc  6 ) .
‘J’lIc progra]n  VI )ANI, }Ias a total of scvc]ltcml
(lcgIccs-of-fIccclo]]l  (1 )011’S). ‘J’IIc block la, bc]ccl
“Vclliclc  l)yIlalnics” (i]) l“ig;urc 1 ) l,as  six 1)01”s
for tllc sprulIg  ]na.ss  slid  two l) O1{’s cac}l for the
f r o n t  arid rear  uI]s])ruI]g Inasscs.  II I  t h e  block
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Figure 1: II’1OW diagram of the VDAN1,  vehicle dyIlalnic
si~rlulatioxl  progra[n

labclccl  “’1’irc  l)yllarnics,”  four llOIJs for the ro-
tatiolla]  speeds of the four wheels arc iIlcludcd,
Finally,  OIIC dcgrcc of frccclom  each  is contained
iII the blocks labc]cd “Steering Systcm”, ‘(1 lra.kc
Systcm”, al)d “1’owcr ‘1’raiIl.” Rcprcscntativc  vc-
hic]c  a]ld tire paralnetcrs  that must bc supplied
for a ty})ical silnulation  ruIl arc tabulated ill ‘J’a-
blc  1 for t}Ic five passenger vchiclc  models that
wmc sclcc.tcd  i~i step (2).

‘J’IIc suspcnsiol]  systcxn  modeled ill VI)ANI, ex-
erts fore.cs 011 t}lrcc ]ulnpcd  IImsscs. ~’wo ull-
s~)rullg  ~llasscs  represent tllc front  and rear axles
with tires, ant] onc spruIlg  mass rcprcscnts  the
vclliclc’s  body. ]{athcr thaTI Inodcl  e a c h  COIII-
pollc]lt  of tllc suspcIlsion  illclividually,  VI)ANI,
uses colrl~)ositc c}laractcrist,ics  of all coIIlpoIIcIIts
to calcu]atc o v e r a l l  roll dyIlalnics.  ‘l’his  ]nct]lod
produces lCSS coInplicatcd  calculatio)ls  and a sig-
nificant  r educ t ion  i]) data si~,c. ‘J’he sinmlat,ioIl
J)rogram  VI)ANI, a l so  illcludcs all optio)l  of us-
ing  both fro]lt  ancl rear anti-roll  bars to provide
extra auxillary  roll stiflncss.

‘J’IIc siInulatioIl  progral]l  V1)ANI, uscs  a COIII-
prc]lcllsivc  tire ]nodcl  t ha t  i nc ludes  tllc c{fccts
of rcmd sur face  intcractioIl  iiIld saturatio]l  lilnit.
‘J’llis  assures accurate rcprcscnt,atiol)s  of real driv-
i]lg C.ollditions, froln  low-g to liInit lateral nlancu-
vcrs,  aIId for colnbillcd  l a te ra l  and lollgit,udillal
lna?lcuvcrs  ( f o r  cxalnp]c, ~>1’akc-irl-<1.-tLlrI]).  ‘J1]IC

progral]]  VI)ANI, u s c s  t i r e  paralnctcrs  clcfiIIcd
by tlic ~alspar] co rpora t ion  (c f .  ‘J’ab]c  1 ) that
c.o]ltail]  pararncicrs  fo r  corllcrillg; stiff] icss, caln-
bcr StiffIIC:iS, ]atcral and circuIllfcrcIltial  fr ict ion,
alig]lillg  torque , as well as overt, urIlillg  momc IIt.

lkxidcs  t}lc a b o v e  IIlclltiollcd  IIlodclings,  t}lc
siInulatiol]  p rogram V1)ANI,  also provides a
“ c l o s e d - l o o ~ ) ”  clrivillg c.a~)ability  by usiIlg t,hc
block  labc]cd “AutoInatic  S t e e r  Systcln,’)  ‘J’llis
block  c.cmtai]ls  illtcrllal  algoritllI1ls  that  a  llu-
II)arl driver LISCS to gc]lcratc  the required steering,
braking, and tllrottlc  collllnands.  It CaIL also rcp-
rcsc Ilt how all autonoInous  stccri Ilg systmn  gcl I-
cratcs t h e  IIccdccl stccrillg c.oIn Inatlds. Furthcr-
lnorc, all ‘Lopcn’” moclulc~  optioIl  proviclcs  an iIk
tcrfacc  bctwccIl  a user-supplied “subroutirrc”  and
tllc  maili  prograln. III this rcscarcll, wc used this
optioI)  t o  iln])lclllcllt  four-wllccl-stccrillg  control
algorithms.

l)ata, predicted by Vl)AhTI,  have bccII cxtcll-
sivcly  validated via road tests for a wide variety
of vc}liclcs and clrivillg collditioIls.  G- 9 ILcsu]ts ob-
tai)lcd usiIlg  tllc simulation ]Jrograrn  were found
to rcl)rcscllt ll~casurcd  vclliclc  rcs~)ollscs  quite WC)]
for Inc)st  vclliclcs  and  I]larlcuvcrs.

Sclcctecl ]’rocluction  VclIicle Models

11’ivc  productio]l  passcIIgcr  vclliclc  IIlodcls  were
sclcctcd ill Lllis  s t u d y  t o  rcprcscIlt,  a  f l e e t  o f
passcIlgcr  vclliclcs  for the VI )’I’V to “cr~lulatc.’)
‘J’}lcsc  rc~)rcscntml  a w i d e  s~)cctrulIl iIl vchiclc
wcigllt:  froln  “slIlall,  ” ‘tcollll)act,))  ‘ ( ln id - s i zed)”
to “full-sized” pa.sscrlgcr  vc]iic]cs.  Additionally,
t}lcsc five vc}liclc  rl]odcls  were sclcctcd because
t] Icy spa]] w i d e  raIIp;cs  ill both wllcclbasc  ra-
tio allcl track widtl~ r a t i o .  ‘J’hc  w}lcclbasc  r a -
tio, the ratio bctwccll  t}lc  vchic]c’s  whcc]basc and
its cc]ltcr  of gravity (e. g.) l~cigllt  (l,/hC.g. ), is
strollg]y  rc]atcd  to t}lc alnoulit  of wcig}lt  traI]sfcr
bctwccnl tllc rear and frm]t  wlIccls  duri]lg accclcr-
atioI1/dccclcrati  o]l ]nallcuvcrs.  ‘J1ra,ck width ratio,
the ratio bctwccIl  tllc vclliclc’s  halved track wic]th
a~]d e.g. llcip;llt  (iU)/21LC,g, ), is strol]gly  related to
tlIc  alnoullt  of wcigllt  trallsfcr bctwcc]l  tllc inside
and ou t s ide  wlIccls  during  latcra] corl}crillg  Ina-
IIcLIvcrs. ‘l’rack widt]l  ratio also  stro]]g]y
latcs to t}lc likelihood of vclliclc  rollover.
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Figurc 2: Vchiclc’s whcclbasc  ratios versus trackwiclth  ra-
tios

A plot  of wheelbase ratios  versus track wicltdl
ratios for five procluctioll  vehicles is shown ill l~’ig-
Urc 2. 111 t]lat figure, the “0”s CICHloic  tllc  wl)cc!l-
basc and track width ratios combil)ations  of pro-
duction vcliicle models with parameter files avail-
able fro] n the VI )ANJ, program. ‘J’hc ‘(. )’s rcp
rmc]It tl)c  five sclcctcd  pa,ssculgcr  vclliclc  I~]odcls.
CIcarly, tJIc sclcctcd  vchiclm  span good ranges  in
b o t h  t]Ic whce]  base ra t ios  aJ]d t}Ic track width
ratios. l+;sti)natcd  values of other vchiclc  and tire
paralllctcrs  arc tabu]atcd  in ‘1’able 1.  Scc A])-
pcl]dix  It of l{cfcrc~lcc  10 for the cstiI1latccl values
of vchiclc  and tire parameters that arc not givc]i
ill ‘1’able 1.

St,eacly-state  ant] ‘1’ransicrk  Lateral lksponse
CIlaracteristics  of J’assmger  Vdlicles

Usillg; the silnulatioll  progya]n  VI IAN I,, and  cs-
tilnal,cs of vc]lic.]c and t i r e  pa ramete r s  givml  ill
‘J’able 1, three steady-state and transicllt  latcra]
rcs~)ollsc pcrforlnal]cc  Jnctrics  of the five sclcctcd
passcllgcr  vcllic.lcs w e r e  com~)utccl. l{csulis  arc
givcll ill the following scctiolls.

‘J’}]c steady-state halldlillg;  quality of a vchiclc
call bc characterized by its undcrstccr  cocfficicllt
(Kv, in deg/g).  ‘J’hc ullclmstccr cocfficicrlt,  clc-
fillcd ill sub-scctioll  9.4.7 of l{cfcrcI1cc  11, call bc
Ullclclstooc]  using  Lllc following steady-sta.tc cor-

tirc zmglc (dcg),
stccril]g  w}Iccl aJlglc  (dcg),
stccrillg ratio (-),
wltcc]  base ( I n ) ,

turllillg  radius ( I I I ) ,

ulldcrstccr  cocfficicllt  (dcg/g),
lateral ac.cclcratiol} at vchiclc’s  e.g. (g).

FroIII t h i s  cquatio]i,  the ultdcrstcc] cocfficicl~t
of a vclliclc  call bc dctcr]ni]md  with a “turn  cir-
CIC” I]la?leuvcr.  III this  maneuver,  the forward
s])ccd of the vchic]c  is kept collstant  at, for cx-
alnplc,  80 kln/11. ‘1’lIc  steering; whcc] ar)glc is
illcrcascd slowly at an unifor]n  rate of about 5
dcg/scc ulitil  tllc  lilnit ]atcral  ac.cclcratiol(  of tllc
vclliclc  is rcacllcd.  A cross plot hctwccll  tlIc lat-
c r a ]  accc]cration of the vc!hic]c)s  c..g. 011 the X-
axis  allcl  tllc stccrillg whcc] angle 011 the Y-axis
CZLII  then bc gcrlcratccl. l“rom this plot, lhc UII-
dcrstccl  cocfficicr)t  is dctcrlnillcd  as follows:

]{u ,- -L- !?!2!!! q 1,

ArS 8ay
- 57.3i12  . (2)

‘J’}Ic first tcr]n 011 tllc  right lla]ld  side of cqua-
tioll (2) call lx: de r ived  froln  tllc i~}starltallcous
S]opc of the av v e r s u s  6SW plot at a givcll lat-
eral  accclcratioll.  ‘J’llc  variable ‘Lll” iIl the sccoIld
tcrl]]  rcprcscnts  the forward speed of the vc}liclc.
‘J’hat tcrln can bc easily colnputccl  if wc know the
wllcclbasc  of tl)c vchiclc  as well as tlIc  spcccl at
wl]icl] t}lat silr)ulatioll  run  w a s  pcrforrncd.  lLc-
sults obtail)cd frorll tllcsc  turll  circ]c  ]Ila,]lcuvcrs
arc givcll in two cross plots: vc}liclc’s  lateral ac-
cclcratiol]  versus tllc  stccrillg w}lccl angle (1’’igurc
3 ) ,  and la,tcra] a.ccclcratio~)  versus  tllc  ulldcrxtccr
cocfIiciclit  (1’’igurc 4), for tllc  five sclcctcd ~}asscll-
,gcl vcl~iclcs.  l~rom l’igurc 4, wc IIotc that tllc uTl-
dcrstccr cocffic,icrlts  of t}]csc vclliclcs  rclllaill  ull -
c}lallgcd  WIJCII  tl]c  lateral accclcra.tiol]  of tllc  vc}li-
clc is lc)wcr tllall  about 0.3 g. IIowcvcr, these UT]-
dcrstccr cocflicicllts  illcrcasc  drastically as their
ms~~cct  i vc li I nit lateral accclcratiol  i levels arc a.J)-
])roaclicd.  ‘J’hcsc results arc fairly rcprcscl~tativc
for HIost  ~)asscllgcr  vc}liclcs.

4
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Figtrrc b: ‘JhrI1  circle rrlar]cuvcr,  roll angle versus lateral
acceleration

AJIOtlICI ])crfo]]r]aTlcc  ]nctric  coIr-r~rroI]ly  used

to c.l]aractmizc  t})c stcac]y-state velliclc  llallclli~lg
quali ty of  a  vclliclc  is its c.ol]trol  scxlsitivity  (in
g/clcg).  ~’llc control  sclisitivity  of a vc}liclc  at a
givcnl forward s])ccd is also ~IIOWII as its sttxriIIg

scnisitivity  o r  latcra] accclcratio]]  gai]l.  11] cqua-
tioli ( l ) ,  tl]c  vcllic]c  colltrol  smlsitivity  i s  givml
IV uy/fisw. ‘1’}lc rclatioll lwtwcml  tllc vclliclc’s
colltrol  scllsitivity  and i ts  ulldcmtccr cocflicicnt
is givclt by:

Sillcc tllc vclliclc)s  co]]trol  sclisitivity  can bc coln-
~)uted usi]]g tltc uIIdcxstccr  cocflicicllt,  oIIly tl~c
uJIdcrstccr  cocflicic]]t  is used iJ] t}lis  stucly,

‘J’IIc rol l  gradicIlt of a vcl}iclc call ajso  bc dc-
tcrrrli]lcd  using  d a t a  obtaillcc]  frol)]  tllc turn cir-
CIC lIl~JICUVC1’. A  vc]liclc’s ml] gradicllt,  dcfiJIcd
ill sub- scc.tio]l  9.4.19 c~f }{cfcrc~lcc 11, ca]] trc clc-
tcrlrlillcxl fro~[l a cross ~)lot  bctwcm)  t,hc l a t e r a l
accclcratiwl of tl]c vclliclc)s  e.g. allcl  the vclliclc)s
1011 allglc.  ltcsu]ts  obtai~lcd  for the five ~mscrlgcr
vc}lic]cs arc dcl)ict,cd ill l“igurc  5 w}lcrcill  wc IIOtC

that tllc  roll gradimlts  of ful]-size vc}liclcs  tc]ld  to
bc s] fla]], w]ji]c t]lc rcvcrsc is Lruc fol” sl]ia]]  a]ld
corllJ)act vclliclcs.

‘1’}IC  !, JtiJISiCJlt  ]ZLtCId ~CS])OIIS(!  C]l~l’ZtCtCl’is~iC.s

of tlIc vclliclcs  a rc  colll~)arcd usi]lg t]ic “90(~ list
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l$igurc~: Steering wlwclanglc  arldvellicle’s  lateral  accc]-
cration  duril)g a J-r,urll  xnaucuvm.

til I\cs''of  tllcirlatcral  acccleratioI)  rcs~Jo1lscs.  ‘1’he
9070 rise tin]c is a ]ncasum of the vc+iclc’s  “spcccl
of r[!spollsc” W1)CI] it is subjcctcd to  a  “ s t ep”
stmcring  wheel co)nmalld.  Sillcc a true “step’) is
]Jllysically  i] Ilpossiblc,  the steering c.o]n]l]alld  is
raIr]]jcd  to its steady-state value at all ul]ifor]ll
rate of 360 dcgrccs pm SCCON d. ‘1’hc rcsulta]]t
lnarlcuvcr  is coin TnoIIly  called a J-turJ]  II IaII(!LIVCr.
‘1’IIc 90% rise t,ilnc is defined as the tilnc it takes
tltc vclliclc’s  lateral accc]cratio]t to reach 90% of
its stcmly-state value, as measured frolll tllc  tilnc
the stccrillg  cxnnlnand  rcac.hm  50% of its steady -
statc va lue .  Scc l’igurc  6 and Rcfcrcllcc  12  fo r
further details, l’lots  of the 9070 rise time versus
the vchiclc’s  lateral accclcration, for the five sc-
lcctml  passc]lgcr  vclliclcs  a r c  dcpictcd  ill 1~’igurc
7.

“J’hc: speed of lateral response of a vchic.]c c.a])
also bc Illcasurcd  using  frcql~cllcy-(lol~~ai~l  ]jcrfor-
]Ilallcc  lnctrics  such as tllc vc})iclc’s  ]atcral accel-
cratiml  - 3  d}) bar)dwidth  (in IIz). ‘1’llis  i s  tl)c
frcquelicy  at whic}i the n]agnitudc  of the tra]]sfcr
fullctiol),  froln  the stccrillg  wl)ccl to tllc  vc]liclc’s
latcra]  accclcration,  has dropped below 70.7% of
its stcmdy-state value. Agai]l,  t]lcrc iS a  Strollp;

c.orrclatio]l  bctwcc]l  the vcl]iclc’s  90% rise tiI1lc
altd i ts  lateral  accelerat ion ballclwidtll.  l~or  tllc
1989 ltscort,  that  corrclatiol]  is dcpictcc]  i n  l’ig-
Ur’c 8: tllc larger the bandwidth, the smaller t}ic
90% rise tilnc. A  lilwar a])proxil]~atiol]  bctwcml
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I’igure (): Consumers Union  obstacle avoidancccoursc

t}]c bandwidth  arid risctilnc  isgivcnl  by:

i~;~~=l.03Bl  ‘0.6888  XIJW. (4)

llcm, I]W i s  the  veh ic l e ’ s  latcxal  accclcwatioll
bandwidth in llz, andtT:~.  isthevchiclc’s  J-turrl
90% rise tilnc  i]) seconds. Since the lateral acccl-
cratioll  balidwidih  is closely correlated with the
90% rise ti]nc, o]lly the rise ti]nc is used ill our
St Ucl y.

‘J’hc Consu]ners  U n i o n  o b s t a c l e  avoidar~cc
c o u r s e ,  dcpictcd in k’igurc  9, was used to ob-
jectively  evaluate the handling cluality  of passcll-
gcr vchicks  during cn~crgcllcy  double lallc  cha~lge
lnancuvers.  l)ctails o f  th i s  obs t ac l e  avoida]lcc
course arc defined ill ]1.cfcrcncc  13. ‘1’hc ~naxi-
Inuln  speed that a passmlgcr vehicle can success-
fu l ly  complctc tllc doub]c  larlc c}la]lgc Irlarlcuvcr
i s  dc~lotcd by U,,L.~. ~’hc Inagllitudc  of U,,,ar, ill
kln/)lr, is arlothcr  l a t e r a l  rcs~)orlsc  pcrforJnaT[cc
lnctric  used in our study.

Selected  llaselinc  Vehicle

l’or the purpose of dyI]alnics  al)alyscs,  tllc  1989
1~’ord lkwrt was sclcctcd as tllc basclillc  variable
dyllarnic  tcstbccl  veh ic le .  ‘J’hc followillg  lnodifi-
catiolls arc ]rladc  to the production nlodc]  to ac-
count  for tllc added weights of tllc data acquisi-
tion Systcnl,  four wlwcl  stccrillg  actuator mcclla-
IIisln, and others:

●

●

●

●

SpmTIg  )nass  a]ld l[]on~c~]t of i]lcrtia  o f  t h e
production]!  Ikort w e r e  cacl} incrcascd  by
28% ]Iowcvcr, these! illcrtia  properties were
il)crcascd  witltout  a]tcri]lp;  tl]c lollgitudi]lal,
lateral, and vertical ]Jositiolls of tllc vchic]c’s
ovcral]  e.g. locatio]l.

S~)rill~;  rates a]]d daT1lpcr rates of the produc-
tioll vehicle’s suspension were cacl] incrcasccl
by 28Y0.  Sirlcc tllc  vchiclc  s])ruIIg mass was

illcrcasccl  by 2870,  t]icre was lio cllallgc  in ei-
ther the frcqucllcy or daln]]ilig  rat io of  the
vclliclc’s  IIcavc II]oclc.

q’orsicutal  stiffllcss  of tlic front anti-roll bar of
the ]Jroductiol~ Escort was i]lc.rcascd  by 28%
(iIl Inagrlitudc). ‘1’lIc production]) Escort  has
IIO rear al}ti-roll  bar.

“l, argcr’) tires were sclcctcd for tllc Inodificd
l’;scort. ‘J’lIc tire lnoclcl used is 1’195/75Rl 4.

Wit}l tllcsc lnoclificatioIls,  t h e  wcig}lt  a]]d Ino-
lncrit  of inertia of the “conlpact’)  l’;scort were now
]nidway  bctwcc]l  tllosc  o f  ‘(colnpa,ct’)  and “lnid-
sizcd”  vcliiclm.  It was  judged  tl]at SUCII a Itlod-
ificd l(hcort could hcttcr cInulatc the lateral rc-

S1)OIISC c]laractcristics  o f  b o t h  LIIC “s]rlall))  arid
‘Lcoln])act”  productioll  vchiclcs,  that,  have higllcr
accidc~lt  statistics. If a Inid-sizccl  vchic.lc h a d
LCCII sclcctcd i]lstcad  as t}lc bascli]le  vc}liclc, t he
.x]dcd  wcigl)ts  would liavc causml  its weight to ap
])roacl) that  of a ‘Lfull-size” vcl]iclc.  ‘1’his  heavier
basclillc  vclliclc  mig})t  Ilot have brm able to em-
ulate  the lateral rcsI)oIIsc cl]aractcristics  of both
tlIc  ‘(s]nal]” a]ld “coIn])act”  vclliclm  as well.

Sensitivity Ana]yscs

‘J’wo  ty])cs  o f  sc]lsitivity  allalyscs w e r e  ])cr-
k)rlncd  to assess tllc  dcgrcc that sclcctcd vchic]c
~)crforlrla,llcc  II]ct,rics  could bc il]flucllccd  by two
vcllic]c  ])ararnctcrs: effects of (I ) the torsional
stiffllcsscss  of t}ie  frollt  and  rear allti-rol]  bars on
tltc vcllic,lc’s  roll gradicllt,  a]lcl (2) tllc dawlpillg
r a t e s  o f  tllc sus~)crlsion  shock  al)sorbcrs  oIi t}lc
~()(~o  rise  tilllc.:  of ~]IC Vc;lliclc  ill J-turJi  ]nancuvcrs.

l“ivc al]ti-rol]  bar configurations  u s e d  ill t h i s
stucly  a r c  dc~)ictcd ill l“igurc  1 0 .  III t}lat fi$;ure,

7
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I’igure 10: Anti-roll bar stiffness configuratior)s  used ia a
sensitivity analysis

“N” clalot,cs  for tl)c  “noIniI~al”  anti-roll bar colI-
figurat)ioli of tlic base l ine  VI) ’J’V: stiffncsscs  of
tl~c. front  and rear a n t i - r o l l  b a r s  arc -288.6  and
O N1n/dt:g,  rcspcc~ivcly  (the baseline  VI)’J’V  clocs

IIO~  have a rear anti-roll bar). ~’hc  stiffIIcsscs  of all
the other anti-roll bar configuratioll  variants arc
lnultip]cs  of tile llolrlinal  front aIlti-roll  bar stif~-
IICSS. 11’or cxalnp]c,  t}le front and rear anti-roll bar
stiflllcsscs  of t}ic configuration] ]abc]cd  “] II-l 3]{,”
a r c  -2&3.6  al)d -865.8  Nrn/dcg, rcspcctivc]y.

l’lots of stccril)g whcxl  allglc  ve r sus  tllc  vclli-
C.IC’S  lateral acceleration obtained ill turn circle
lnallcuvcrs,  fo r  t})c f i v e  aIlti-ro]l  bar col)figura,-
tiolis,  arc collqmrcd  in l’igurc 1 1 . l’lots  illat

coIn])arc  tlic vc]kiclc’s ullderstccr  C.ocflicimlt, ro l l
gradicllt,  and 90% rise.  tilnc ill a J-turjl  lnancuvcr
arc givcll ill 11’igurcs  12, 13, and 14, rcs~)cctivcly.
}’roI1l  11’igurc 12, wc observe:

●

I{’or  low-g  (below 0.3 g) rnancuvers,  ihc allti-
roll bars’ stiff ncsscn  have very  little cflcct  OJI
tile vc}~iclc>s  ullclcrstccr  c.ocffic.iclit.

A t  hig]l-g  coliditions,  tllc a{lti-roll bars’  stiff-
lIcsscx+  have tllc fc)llowillg illflucl]ces  orl tl)c vc-
hic]c’s  ulldcrstcer  cocf[icicllt:

ulldcrstcwr  cocfricicnt is  incrcasccl  by all
illcrcasc i~l tllc front allti-ro]]  Ija,r stiff’-
]Ic!ss.  Scw rcsu]ts olJtaillccl f o r  tl]c “31’’”
collfiguratiol].
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l“igurc 11: “Jhr]l circle rnarlcuvcr rcsulk for five anti-roll
bar Configuratiol)s
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l“i.gurc  13: Vehic]c  roll gradient results for five anti-roll
bar co]lfip;urat,iorls

ulldcrskcr  cocfflcicx}t  is dccrcased  by a])
i]icrcasc in the rear al]ti-roll  bar stif[tlcss.
Scc results obtain  ccl for the “1 l’+ 31{.”
ccnlfiguraticnl. .Altcrllativcly,  t h e  vclli-
CIC’S ul]dcrst,ccr  cocfflcicnt  car) bc dc:-
crcascd by dccrcasitlg  t h e  front  anti-roll
bar stifrllcss.  Scc rcsu]ts  obtai]]cd  for t})c
“~ 11’” co]ifiguratioI].

Y’roln Figure 13, wc collcludc  that the stifr-
Ilcsscs of the a)~ti-roll bars have a do]ni]la]lt  ill-
flumlcc  011 the vehicle’s roll gradic])t.  ‘J’l)c larger
~lIc, lnag~)itudc  of the total anti-roll  bar stiffll&s

(suJl”J Of bot]l  t~lc fro])t  and rear aTlti-ro]] bar stifl.
IICSSCS)) t,lIc s]nal]cr is the vchic]c’s  roll gradimlt.
IIcrlcc,  tllc rc)ll  graclicl)t  for the “31~-1 31t” colIfig-
uratiol)  is t}lc  s]nal]cst alnollg  the five collfigura-
tio]ls  s tudied.  llc]~cc,  changillg the stiffncsscs  of
tllc vclliclc’s  a~l~i-roll bars (either ]]~ccllal~ically  or
by using active aTlti-roll bar controlled  systcnls)  is
a.]] cfl’cctivc way to alter the vchiclc’s  roll gradic]]t.
‘J’}lc altcw)ative  of using a fully active suspcrlsio]l
systcln  tc) control the vchic]c  roll gradicllt  is likely
to I)c IIlorc  cxpcllsivc.

‘1’l]c s])ccificd  cmulatioll  rar)gc  of the VI)  ’llV’S
rol l  grad icl)t,  c]cpict,ccl  ill l~igurc 14, is obtai?lcd
using  results dcpictccl  in l“igurc  13: (a) tllc  lower
li]llit  is obtaillcd  by  reducing 25% fro]]) tllc  roll
gradicult  of tl)c “31<+ 31L” configuratioll,  a]ld ( b )

-9

[.1OO  -- +._.;F..  -LdaL...  L A.— 1 _-1
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Iater.d arxderation  [g]

Figure 14: II;lrlulatioll rarlgc of an active anti-roll bar coJl-
trollccl Systc’111

tlic u]j~)cr  ]ilnit is  obtained by adding  2 5 %  to
t}ie roll gradient of the “~1”” co]lfiguratioil.  ‘1’his
spccificcl  cl~lulatioll rallgc  of tllc vcl)iclc’s  roll gra-
dicllt  also appeared j]) Section 7.1.2 of Itcfcrellcc
] 4. Note a]so that the upper aJId lower ro]] gra-

dicx)t IiII]its dcpictccl  i]) l~igurc J 3 coInplct,cly  crl-
vclolJ tllc av ve r sus roll aIlglc plots of tllc five
~)asscrlc.gcr  vclliclcs  given ill l’i,gurc 5.

‘J’l]c cflccts  t}lat arlti-roll  bar stifrncsscs  IIavc on
the 90% rise till~c in J-turn lJlallCUVC1’S  arc! ]CSS ob-
vious. ]Iowcvcr, the followillg  trc]lcls  arc obse,rvcd
il[ IPigurc  15:

.  vclliclc  t)ccolncs  lnorc rcsJ)ollsivc  (with a
s]na]]cr  J-tur]i  900/0 rise i,imc)  if t}lc s{,iflllcss
of t]lc front al]ti-ro]]  bar is i]lcrca.scd.  Scc re-
sults  obtaillcd  for tl)c  ‘{31’’” collfiguratioll.

● vclliclc  bccoJ1)cs less responsive (with a larger
J-turII 90% rise ti]ne)  if t,llc  stiffness of t}lc
front a]lti-roll  bar is decrcascxl.  Scc r e s u l t s
obtai]lcd  for the “~1”” co]lfiguratiorl,

● vc]liclc  also Lccolr]cs less rcq)onsivc  (wit]] a
larger  J-tUJJI  WVO I’isc tiJJlc)  if t]lc stifl’l]css  o f
tl)c rear anti-roll bal is illcrcascd.  Scc rcsu]ts
obtaillcd  for tllc  ‘(l IF-l 31{?’  collfig~ll.:ltioll.

‘1’lIc objcctivc  of tllc  sccolld  set  of  scllstivity
alla] yscs was to assess to w]la,t deg;  rcc t,llc  daJl-I~)-
illg rates of  tllc  vclliclc  sus~)clisic)ll  illflucllcc  tllc

9
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Figure  1 h: Rise time results for five anti-roll bar configu.
raticms

Vcl)iclc)s  J-turn 9070 rise till~c,  ‘J’his al}alysis was
pcrfcnvncd  for the Jet I’repulsion 1,aboratory  by
SystcItIs  ‘J’cch]]ology  IIlcorporatcci.  ]Lcsults  ob-
tai]lcd arc sulnlnarizcd  in the following two para-
g r a p h s  wllilc  tl]c  detai ls  arc givcll in ILcfcrcncw
15.

‘J’hrcc sets of darnpcr  rallcs were  USCC1 irl tllc
sensitivity allalyscs. ‘.l’hc “hardest” clalnpillg
rates arc: at a pistol]  spcccl of 75 c In / see ,  the
danlpillg,  forces are 3400 and 900 Ncwto]ts  in cx-
tcllsioll  and ccn n~)rcssion,  rcspcctivc] y. ‘J’lIc “soft-
Cst’)  dal]]pillg  rates arc: at a pistoll  speed of 75
cln/see, t}lc  daln~)ilig  forces arc 1200 and 670
NcwtoIIs  ill e x t e n s i o n  al)d colnprcssion,  rcspcc-
tivc]y.  ‘J’lIc Ilo]nina]  da~npillg  forces arc bctwccll
those of the “hardest,” and “softest” dalnI)crs.
‘J’l)csc  dalllpillg rates arc idclltical  to those spcc-
ificd in sub-section 4.3.8  of }Lcfcrcllcc  14.

Using  the above ]ncntioncd  damping  rates, tllc
90% ris(! tilncs  of a vchic]c ill a 80 kln/}lr  0.22 g
J-turn maneuver were dctcrlnillcd  using  VI) ANI,.
‘J’lic  90% rise ti~ncs obtaillccl  were  0 .43 ,  0 .51 ,
and 0.49 seconds for t}lc “softest, ” “llo]nilla],”
and “l]ardcst”  daln})iilg  r a t e s ,  rcspcctivcly.  l)if-
fercIlccs  aInoIlg  tllcsc rise titncs  arc quite sJIlall.
~onsidcrillg  tllc accuracy  o f  the  VI)ANI, silll-
ulatio]l  prograln, wc concluded that suspcllsic)ll
dal])~)illg  rates do not sigrlificalltly  iIlflucllcc  tlic
speed of  rcspo]lsc  of a vchiclc in corllcril]g;  lna-

Il(; uvcl’s.

l“o~lr-Wlleel-Stcerillg  Control Algorithms

‘J’hc l a t e ra l  dyllalllic.s  of a vchiclc call be su})-
stal]tially  a l t e red  by stccritlg  its rear whcc]s  ill
colljunction  w i t h  tllc  frollt  wlIccls.  l“or cxa~np]c,
the control  sensitivity of a four-wllccl-  stccril~g
vchiclc  at a givcll f o r w a r d  s p e e d  call hc in-
crcascd/dccrcascd by s t e e r i n g  tllc rear WIICCIS
out-of-pllasc/ill-phase rcspcctivc]y  with the fro]lt
w h e e l s .  Additiol)ally,  t}lc  trallsic~lt  Iatcral  re-
sponse  chara,ctcristics  of the vchiclc can also bc
lllallipulatcd  via carefully clcsigllcd rc!ar steering
algoritllnls.

IIotll  opcli-]oop  a n d  closccl-loop  4 W S  al,go-
rithllls  llavc  hccn  p roposed  and used hi vc}~iclc
research . ’6- 19 ~loscd-]oop  4WS algorithlns  usc
sclcctcx]  vchiclc  Incasurclnclit,s  (for cxalllplc,  vc-
hic]c’s yaw rate) as well as the driver’s stccrillg
colllrlland  to control the rear stccrillg  actuator .
01] the other haIld,  opc)l-]oop  a]gorithtns  do not
f e e d b a c k  ally vchic]c  lncasurclllcnl,s.  ‘J)lle  opc~[-
]oop and c]oscd-loop  control algoritll]ns  dcscribcd
iTl the followi]lg  sub-scctioll  arc take])  from l{,cf-
Crcllcc  19. ‘l’lIcy a rc  givcll llcrc  to i]lustrat,c tlic
flexibility available to alter tllc lateral response
c}laractcristics of a VI)’J’V via four-  wllccl-stccri]lg
algorit}llns.

s 4 W S N  AlgorithIn:  ‘J’llis is a]] opcI1-loop  algo-
rithln first suggested by Nissall  Motor  ~on]-
pany. Usillg  a vchiclc IIIodcl, a spcccl-

dcpclldcllt  r a t io  bctwccn the rca,r and frollt
W}]CCIS is coll)putcd  ill order to acllicvc  zero
steady-sta,tc side velocity:

]Icrc, 6~C cqua]s  t h e  clrivcr  stccrillg  whcc]
colnlnalld  dividc!cl  by the stccrillg  ratio. ‘J’hc
coIrlTrland  to  t}lc  rc:Lr  stc!cril]~ a c t u a t o r  i s
givcll by 6,=. ‘1’l]c variable U is ttlc forward
speed of  tllc vchiclc. ‘J’l]c function  Kjv i s
the “Nissa~l”  ratio. At ]OW SIJCCC]S,  t}lc  r e a r
WIICCIS  arc stccrcd  out-of-p}lasc  with tl)c  fro~lt
wllccls  (i.e., K~ is ]Icgativc)  to cllllallcc  t}lc
vc}liclc  lrlallcuvcrahility.  A t  }ligl] s~)ccds,  tl)c
rear W} ICCIS  arc stccrcd  iI1-plla,sc  wit})  tl)c  fro]lt

I(I



whcc]s  (i.e., KAI is positive) to enhance the
vchiclc lateral stability. 1 lowevcr, tllc lateral
fore.cs gcncratccl by both the front and rear
wllccls  c.ountcxact  OIIC a n o t h e r ,  and the rc-
s~)ollsc tilllc o f  the  vchiclc)s  yaw r a t e  s])ay
dctcricn-atc.  ‘J’o  ovcrcolnc  t h i s  problmn,  wc
delay the steering of tl]c  rear wheel by ?{,
S(!COI)CIS:17

C$,c(i) = K~(u) 6jc(i -- T~)) . ((i)

‘J’hc delay time Tl) is on the order of 0.1 scc-
oncls. ‘1’hc paranwters  KN and Tl) in this “de-
layed”  Nissa~~  algoritll~n  can bc used to alter
the steady-state and tralwicnt  rcspol\sc  char-
acteristics of the vehic]c, respectively. l 7 Nu-
merous  other open-loop 4WS algorithtns  have
also bccll  suggested. See, for exarnp]c,  ltcfcr-
CIICC 18. IIowcvcr,  OPCI1-]00]) algorithms Were

I)ot used ill our study.

4WSY Algorithln: I’his i s  a simple closcd-
100I) al.gorithln  with feed-forward of the frollt
stccrillg  colnlna?lcl  and feedback of t}lc  vc}li-
clc’s yaw-ra,tc:

6,. = K](u)6jc -1 K2(u)7’  . (7)

1 lcrc, the variable 6~C was dcfillcd  iTl colIncc-
tioll  wiih the 4WSN algorithm. ‘J’hc variable
T is t,hc filtered yaw  ra.tt:  of the vc]liclc.  ‘] ’]lis
closed-loop 4 WS algorithm, dcpictcd  ill l~ig-
urc 16, was the main focus of our study.

II] equation (7), the feed-forward gaiti K] (U)
cllicfly  alters the vehicle’s steady-state re-
sponses.  Or] t h e  other  hand, t h e  fccclback
gaill KQ(U) affects both tl)c  steady-st,atc alld
trarlsicl)t  cllaract,cristics  of the vclliclc:. IIoth
~mrall)ctcrs  lnust  be sclcctcd wit]] c a r e .  ‘J’JIc
r ea r  s t ee r ing  al)glc  incrcascs  rnolloto]lically
wit]] tllc magl)itudc  o f  K] . Sillcc t h e  Jnax-
illluln  rear stccril)g  actuator cxcursiol]  is typ-
i c a l l y  boul~dcd  (say,  ]Iot Inore t)la?l 10 dc-
fyccs), tlw l!lagnitude  of k’] n~ust be sc]cctcd
witllill  this physical collstrailkt.  ()]1 the otllcr
Ilanc],  feeding back tllc vchiclc’s  yaw rate call

(’l r ‘P’”ut=’”!:nd  *steering

~l_:’iO._.}-
steering wheel angle

1
L

[——

Vehicle

dynamrcs

r  + - - - - - - - - - -“ - - - - - - 1

rear command

4W”S ‘
algorithm

-_[.  . . -

sensors‘k

aw rate
e

Ijigure 1 (3: l’ou r W}ICC1 st,ccring  cent rolled configuration

degrade  tllc cIosccI-1001)  stability of a four-
wllcel-stccri]lg  vcllicle.  care lnust  bc cxcr-
ciscd  to crlsurc  that the clalllpiIlg ratio of the
vclliclc!’s  yaw rnodc  is always above a prc-
sc]cctcd lnillilllu]l)  level. Appropriately sc-
lcctcd, tllcsc control ~JaraT1lctcrs  allow us to
va~y the lateral dyrlaTnics of the VI)’I’V so
t}lat  it clllulatcs  t}ic  rcspollse characteristics
of a broad rallgc  of vchiclcs.

}{’or  sill)  plicity,  tllc  control  para~nctcrs  K~ atid
KZ arc l]ot lnaclc fulictiol]s  of tl]c v e h i c l e ’ s
forward s~)ccd i]) our study. III ~)racticcl  tllcy
call bc llladc fu]lctiolls  o f  bo th  tile  vclliclc’s
forward velocity arid otllcr  vclliclc  lncasurc-
lnclits  sucli as its latcra] accclcratio]l.  other
closed-loo]) 4wS algorithms have also been
~)roposcd i~l t,lIc l i terature.*8- ‘:)

I’lots  of stccrillg wheel allglc  versus the vchi-
clc’s lateral ac.c,clcratioll obtail)cd  froln  turl)  circ]c
lnalmuvcrs,  for four colnbillatiolls  of colltrol  pa-
ralnctcrs  (KI, KQ) a rc  co)nparcd  ill l“igurc  17. l])
that figure, 4WS col)t,rol alg;oritlllns  that stccrcd
t}Ic frorlt  slid  rear W1]CCIS “i~l-pllasc’)  have positive
KI, and are dcllotcd by “11” and “12”.  0 1 1  tlm
ot}lcr }Ialld, 4WS colltro]  algoritlllns  that stccrcd
tllc  f r o n t  and rc.ar wllccls  “out-of-~  )]lasc”  ]Iavc
llcgativc K], aIId arc dcllotcd hy ‘(O 1 ”  aIId  “OZ”.

]’lots  that  c.o]]]])arc the urldcrstccr  cocfficicllt,s of
tllc nwnillal  two-wllccl-stccrillg  vc]lic]c,  and t]lc
‘ (12”  and ‘(02’”  foL1l-W’llccl-stccriT]g  vcllic]cs  arc

11
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Figure  17: ‘1’urn cicrlc ]na.neuvcr results obtaiucd  with
4WS VIYJ’V [Configuration 1]

SIIOWJ)  iII l’igurw 18. l“or  clarity, results obtaillcd
for the “11” and “01” four-wheel-stccrillg vclliclcs
arc olnittcd ill t,llat figurw.  ‘J’hc fo l lowing  OlXCI-
vatiolls can  hc m a d e  from Figure 18:

the  uIIdcrstccr  cocfflcim]t  of the four-whccl-
stccri~lg  vclliclc  is incrcascd by stccrillg t h e
r e a r  wltccls  ill-pllaac with the  front  wl]ccls,
a~ld call be further inc.rcascd  t)y havinF;  a Neg-
ative  yaw rate feedback (with positive K2) .

t h e  ulidcrstccr  cocfflcicllt  of the four-whccl-
stccrillg  vchiclc i s decrcascd  by stccrillg
tl)c  rear wheels out-of-]  )hasc  with the frol]t
W1]CCIS, and can  bc further dccrcascd by llav-
il]g a ])ositivc  yaw rate feedback (with ncgzl-
tivc Jf2).

II) l“igurcs  17  and 18, t he  two-w}  lcclstcmril]g
vclliclc!  is dcrlotcd  by ‘(2WS [~onfiguratio]l  1].  ”
1{.csu]ts  obtained for a sccoI]d  two-wllccl-stc:c:rillg
vclliclc, dc]totcd  by ‘(2WS [(;ollfiguratio)l  11]” arc
givcll ill l“igurcs  19 a]ld 2 0 .  ‘J’hc  nlaill  diflcrcl)cc
bctwccll tllcsc two collfiguratio~ls  is: a]] four tires
uscxl  in the ‘(~orlfiguratioll  1“ arc 1)195/751{.14
tires  (tl)at arc used by  the ‘J’oyota Vail ili l{cfcr-
Cllcc 1 o). 1“01’ ‘(~onfiguratioll  1 I“, the two frollt
t i r e s  o f  ‘(b]figuration  I“ arc rcplaccd  by t w o
1’195/751{14 t,ires (tlIat arc used by tllc ~}lcvro]ct
S10 ill lLcfcrcllcc  10).
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~i~urc 20: Uncterstecr  coc~cimt  r e s u l t s  ot,tained  w i t h
4WS VIY1’V  [Corlilguration  11]

‘1’urll  Circ.lc  ll)allcuvcr  resllltsobtaillcd  wit}ltllc
SCC.OIICI two-wheel-st,ccring vchic]c  and its four-
wllcel-stew.ring derivatives arc givcll ill l~igures
19 and 20 .  1]) l“igurc  20 ,  t}lc sccolld  two-whccl-
slmcrillg vchic.le contro]lcd  by the ‘(03’” 4WS  a]-
gorithln  caIi gcncratc  nega,tivc  undcrstccr  cocffi  -
cicllt  (i .c.,  ovcxstccr).  The cnlulatioll  rzu)gc of tl)c
VI I’J “V’s ulldcrste.cr  cocfticicnt,  cstilnatcc]  using
results givcll ill l“igurcs  1$ and 20, is dcpictcd  ill
11’igurc! 21. ‘1’lIc u~)per bou~ld i]) that  f igure  was
obtai]lcd  by adding 2570 to the result obtained for
the “12” four-wllecl-steering vchiclc  (see l’igurc
18). ‘J’hc lower hound  in that figure was obtained
by subtracting 2.5 dcg/g from rcsull, obtainccl  for
tllc ‘(03’” four-whcc]-stccrillg  vclliclc  (see l~igurc
20).

‘1’lJc cfrccts  that  4WS control algorith]ns  have
o]l tl)c  vcl)iclc’s  90$Z0 r i s e  tilnc ill J-turn  lnar]cu-
vers arc fairly significar]t. ‘J’llc  following obscrva-
tio~ls caIl bc Inadc from l’igurc  22:

●

●

v e h i c l e  t)ccmncs  ]norc rcsj)o]]sivc  (wit]) a
sl]lallcr  J-turJl  9 0 %  rise til~lc) i f  tllc  frollt
al)d rear tires arc stccrcd ili-pllasc  and wit])
a I)cga,tivc yaw rate feedback (posit,ivc  K2) .
SCc rcsu]ts  obtained for the “13” four-whccl-
st,ccri I]g vc}liclc.

vchic]c  Lcco]ncs  cvcII more resl)o]lsive  if tile
Stiff])css  of tlIc front anti-roll bar is i?]crcascd.

7 - -—,–.. —..., ——r ,

underrdeor  coeftiaent  al O. 15g
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/
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l“igurc  21: l’hnulatioll ra~igc of tile VIY1’V uudcrstccr  co-
cfJicicrit
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l“igurc 23: l;mulation  range of the V1)’I’V J
i,inlc

●

Scc rcsult!s Obtail)cd  f o r  “ 1 4 ”
skcrillg  vcl]iclc.

0.8 0.9 1

turn 9070  rise

four’-whc!c!-

vcllicle  bcc.o]llcs less rcspo11si\7c  (with a, larger
J-turll  90% rise tinlc)  if the front and rear
tires arc stccrcd  in-phase and  wit]] a positive
yaw rate feedback (negative Ifz), as WCI1 as
usillp;  a. stccrillg  actuator  with  a lower  bandw-
idth of 4 IIcrtz (the llolnillal  balldwidth  of
tllc stccrillg  actuator is on tllc  order of I O IIz).
Scc rcsu]ts  obtained for t}le “15” four-whcwl-
stccrillg vc}]iclc.

‘J’hc! cn]ulatio~]  range for tllc  VI) ’J’V’S J-tuJII
90% rise tilnc is dc~)ictecl  i~l l’igurc 23. ‘J’hc ulJ-
pcr al)d ]owcr  bouI]ds  ill t}lat  figure arc oLtaillcd
Ly illcrcasillg and Clccrcasillg,  rcspcctivc]y,  25’% of
results oLtai  Ilccl Ly the ‘(15” alld  “14” four-  w}lccl-
stccrill~; vclliclcs  that arc depicted ill l“igurc  22.

lksu]ts obtainccl  from the
Consumers lJnio]~  Obstacle Course

(k]lsumcrs UIlion  oLstaclc avoidal]cc  c o u r s e ,
dcpictcd in l’igurc  9 , was used to objcctivc]y
e v a l u a t e  tllc l]alldling  qua]itics  of passcllgcr  vc-
hiclcs  durix)g clncrgcljcy  doub]c  lallc  cllarlgc  lna-
Ilcuvcrs.  l)ctails  of t]lis  oLstac]c  avoidance  course
arc dcfiilcd  ill lt.cfcrcl)cc  13. ‘J’lIc VI)ANI, closed-

. .

S10 t ires

iae.  a 100.0

longitudinal ciistance  (feet)

J’i,gurc 24: obstacle avoidance lane change maneuver  rc-
Sults

100])  crash  avoidal]cc  option was used to dctcr-
rnil~e  tllc llla.xillmln  sI)ccd at whic]l the Lascli]]c
V1)’1’V  (with 1’195/751{14 ‘J’oyota Vail tires) call
succcxsful]y  colllp]ctc  this douLlc  la,rlc clla,llgc lna,-
ncuvcr. ‘J’his analytical silnulatio])  was tlICII rc-
pcatcd 011 two otllcr Vl)rJ’V variallts: tllc first ]Ias
1’195/751tl 4 ~}lcvro]ct  S1 O tires arid t}l(! sccolld
IIas }’205/701{.15 Sa]nurai tirt!s. ‘J’l]c ~na,xilnunl
sl)ccd was fouxld using  the Sanlllrai tires, aIid was
52.7 k]]]/hr. I II S e c t i o n  3 .5 .2 .3  of l{cfcrcl~cc 14,
wc s])ccificcl  t}]at tllc VI)’J’V shall Lc able to suc-
cessfully  Ilcgotiatc  the Consu  IIlcrs lJlliol] oLstaclc
course at a]] spcwds below 55 kIn/}]r.

Figure  24 dis])lays  t,llc lateral versus lollgit,u-
di]lal ])ositiolls  f o r  t h e  crash avoidal]cc  doul>lc
]a]lc c]lallg(!  IIIaIICLIVCr o f  the t]lrcc  VI)’J’V  vari-
arlts  with  difl’crcllt  tire ]I1OC]C]S. As S]lOWII ill t]lat
figure, all tl)rcc VI)’J’V variants  CaII clf2ar tll~  co~-

]Icr o f  tllc  rc-clltry  larlc,  Lut or]ly tllc varia])ts

with the S1O al]d Salnurai iircs carI  clear tlIc ol)-

staclc COIIC.  ‘J1lIC VI)’J’V  with tllc Sa]nurai  t i r e s
is JlloSt “aggressive>’ ~ccausc it call g;ct hack to

tllc cclitcrli)lc  o f  tllc  rc-crltry  lallc  ill tllc  sllort-
cst  lorlgitudil]a]  dista,rlcc. IIowcvcr, tllc  vc}liclc
trajectory Lcyo))cl  that “crossover” ])oillt is quite
oscillatory. 011 t})e ot]lcr }Ialld,  tl)c vcl]iclc  trajec-
tory obtaillcd  wit,ll  tllc S10 tires, l)ot,}I bc!forc arid
after tllc  crossover l)oitlt  is better dal])pcd.  ‘J’ilnc
}]istorics of tllc stccrillg  WIICC1  aIIEI,lc,  vclliclc’s  la,t-
Cl”a

. . .
accclcratio]l and  sidcsli]j  all~;lc,  as wc]l as tire

14
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IIcrc, t,llc v a r i a b l e s  d~c aIld r wcw dcfilld  iII  co]l-

IIcc.tioll  w i th  tllc 4WS’17 c.olltro] algorithln.  l~rollt
ilid  rear steering co]lllnallds  arc giver I by 6jC and
:VC, rcs])cctivdy. ‘1’llc acldcd clllulaticnl  Ix31dit,s

!’~wrate tlat OIIC call clcrivc with this ccnltrollcr  a d l i t x c -—.*

l’igurc25: A cc)~[lbirlcd fo~lr-wllecl-stcerillg  arid skcr-t~y-
wirc control architecture

forces arcgiven  ill l{cfcrcllc{!I  .5.

~oncluding  ltcmarks

A Variable l)yllalnic  q’cstbcxl  Vchic]c  coIIcc])t
has  bccrt  l)Jo]Josccl  as a  tool  to pcrforln  drivil)g-
rclatcd  l]ulnan  factors research. ‘] ’he goal of t)llis
study was to allalyt;  ca]]y  investigate to w})at clc-
grcc  a VI )rl’V with four- wllccl-stccrillg  call c]ll-
ulatc the lateral clyllanlics  of a broad ra]lgc  of
vcll; clc ]nodcls.  Using a sclectcd co ln l )ac t - s i zed
autoll)obilc!  a s  a t)asclinc, our s t u d y  illclicatcd
th i s  vchic]c  can bc col]trollcd  to cll)ulatc  tllc lat-
c r a ]  rc!s])onsc  c]larackristics  (inc]udillg  t]lc  vc]li-
clc’s ulldcrstccr  cocfliciellt  allcl tl)c  9 0 %  l a t e r a l
ac.cclcra.tiol~  rise tilne in a J-turvl  lnal)cuvcr)  o f
a flee.t of production vclliclcs,  froln  low to hig]l
lateral accclcratio]l  coliditions.  Also, the roll gra-
dient  of I,l)c basclined  vclliclc  call be al tered via
cllarlgcs  nladc to tllc torsional  stiffnesscs  of the
front  arid/or  rear  anti-rol l  bars to cv~]ulatc  tllc
roll stiff ncsscx of a fleet of productio]l  vclliclcs.

‘J’l)c  lCVCIS  of cvnulatioxl  can ~)otc]]tially  Lc iTn-
])rovcd  if tlic VI )’J’V has  bo th  tllc four--whccl -
stccril)g allcl s t e e r - b y - w i r e  fca,turcs  clcpictcd  ill
l“i~;urc  25. Wi th  th i s  stccrillg  cotlfiguratioll,  tllc
controller arcl)itccturc  givcll ill (7) bccoIJ]cs:

$,. ~ K ,  (Zl)djc  -1 l{2(U)~  , ( 8 )

Fjc = 6jc -1 K~(u)7’. (9)

turc alc Ilot collfirlllcd  ill t h i s  stucly, but  cx~)cri-
Jnclltal  results obtaillcd  froln  a vclliclc  fitted wit]]
a silllilar  stcmillg systc]n  h a v e  sl]owll  prolnisc. 3

‘J’hc  proposed V1)’J’V, with both the stccr-by  -
wirc arlcl follr-wllc[:l-stccri  llg fcaturcs,14  w i l l  bc
all idea] tcstjbccl  to verify results ol)taiIlcd  by tllc
Silnulator  Vchiclc  of l{cfcrcrlcc  3.
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!l’able 1

]’htimatccl  Values of Ve]lic]e  and  ‘J’ire ~)aral~~~terst

l’aramctcr

Class

Year

w}iccl  %asc  ~-

mcan track width ( m )

e.g. distance
fronl frollt  axle (HI)

e.g. height  (m)
——

track widtl~ ratio

wllcclbasc ratio

to t a l  wcigllt  (kg,wt.) ~

XOII il~crtia  (kg-n 12)

pitc]l  illcrtia  (kg-n~2)

yaw ilicrtia  (kg-ln2)

front/rear roll
stiflllcsscs  (Nn~/dcg)

frollt/rear roll
dalll])il]g  (Nnls/dcg)

front/rear anti-roll
bar stiflllcss  (Nrn/dcg)

stccrillg  ratio (-)

tire ]noclcl

~alslml  cocfl’s:
AO

Al
Az
A3

A4

ljcCar
.—

sInall

1977

3.42  ““”

1.27

0.93

0.54

1.18

4.48
.-

816

147.3
.—

797.7

986.5
—.

165.1
182.8

15.8
15.0

-145.8
-75,0

20.8

1’145/
Slu 3
.

1260

13.20
1830

0.533

-31200

Scntra

slnal]

1983

2.39

1.39

0.84

0.52

1.34

4.60

1068

217.0

1101,1

1315.3

393.7
295.3

27.1
17.2

0
0

16.9

1’155/

s]{] 3

2380

9.21
2280

0.523

-7225

ltscort

col]]pact
.—

1989

2,39 ‘“

1!41

0.88

0.56

1.26

4.27

1229

244.1

1342.4

1539.1

379.8
379.8

25.3
25.3

-224.8
0

18.2

1’1 65/

801U 3

0

15.66
2350
3.530
-24450

‘.l’-bird

Illid-size

1987

2 . 6 5

1.49

1.06

0.56

1.33

4.73

1649

348.8

2537.4

2976.1

305.4
356.2

34.9
32.5

-714.8
-i 87.7

14.3

1’215/

701{14

733

19.50
2900
1.370

44’20

Mark V]]]

full-size

1995

2.89

1.53

1.18

0.55

1.39

5.25
.—

1756

716.2

3500.2

3627.3

329.1
421,8

39.1
42.0

-2118
-299.3

13.4
.—

1)215/

701U4

733

19.50
2900
1.370
4420

~ 1 Mailed inforlnatioll  on these and other vc}li-
clc/tire para]nctcrs  arc available ill AppcIldix  }1
of ILcfcrcllcc  10.
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